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The cerebellum is known for its role in maintaining coordinated motor 
movements. As the sole output of the cerebellum, the Purkinje cell (PC) is 
crucial for its role in gait, foot stride, limb trajectory, and balance. PCs were 
considered as homogeneous entities due to their cytoarchitecture, however, 
recent reports state that molecular identities and electrophysiological properties 
differ between zebrin II modules. Nonetheless, all cerebellar PCs have identical 
local synaptic circuits, as well as receiving noradrenergic inputs originating 
from the locus coeruleus (LC). The LC-noradrenaline (NA) circuit is active 
during motor behavior and give input to the cerebellum, but how NA 
contributes to cerebellar PC output and effect motor behavior remains 
unresolved. Here, we perform in vivo single-unit recordings of PCs from awake 
behaving mice along with pharmacological approaches and behavioral motion 
analysis to investigate how NA effects PCs across zebrin modules. Interestingly, 
we find that only PC modules expressing zebrin (Z+) have increased simple 
spike (SS) activity, while zebrin non-expressing (Z−) PCs have non-responsive 
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SS activity during locomotion. This modulation of PC SS output in Z+ modules 
during locomotion was insubstantial by destroying the LC terminal or by local 
inhibition of adrenergic receptors (ARs) in the cerebellum. However, 
behavioral motion analysis show that blocking the noradrenergic 
neuromodulation of SS activity across zebrin positive PCs disrupt forelimb 
stride motion in DSP-4 injected mice but not in mice which were given acute 
local topical application of adrenergic receptor antagonist cocktail. To 
investigate the mechanism of SS enhancement of Z+ PCs, we examined the 
effect of α2-ARs on molecular layer interneurons (MLIs). Previous in vitro 
experiments have shown that MLIs contain α1 and α2-ARs which dual modulate 
MLI firing activity upon activation. In vivo MLI recordings from Z+ and Z− 
modules show that blockade of α2-ARs does not alter the firing frequency 
during locomotion in comparison to control. Next, we examined the effects of 
ARs on PCs. Blocking α2-ARs did not show any differences compared to 
control, but inhibition of β2-ARs located on PCs may modulate the SS of PC 
output in Z+ modules. Altogether, these findings show that NA acts as a 
neuromodulator in the cerebellum which modulates SS output of PCs in Z+ 
modules possibly via β2-ARs of PCs.  
______________________________________________________________ 
Key Words: Cerebellum, Noradrenaline, Purkinje Cell, Zebrin, Simple 
Spike Activity, Locomotion 
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Cerebellar-Noradrenergic Control on Locomotion 
 
Introduction 
I – 1. Brief History of the Cerebellum 
The cerebellum derives its term as a miniature of the word “cerebrum”. 
The first description of the cerebellum was provided by Galen (AD 126 – c. 
210) as a source of motor function in association with the spinal cord (Elhadi 
et al., 2012). In the 18th century, more accurate anatomical descriptions of the 
cerebellum started to emerge (Glickstein et al., 2009). One of the first work 
solely on the cerebellum itself was by Malacarne (1744 – 1816) in 1776 
(Cherici, 2006) and by the end of the 18th century, an accurate picture of the 
gross anatomy of the cerebellum had been established.  
Although there were speculations about the function of the cerebellum, 
it is not until the 19th century that experimental approaches were done in 
animals which gave more accurate functional understanding of the cerebellum 
(Glickstein et al., 2009). Pierre Flourens (1794 – 1867) found through his 
experiments that the ablation of the cerebellum showed discoordination and 
concluded that the coordination of movements resides in the cerebellum, which 
remains effective today (Pearce, 2009). Clinically Gordon Holmes (1876 – 
1965) reported that cerebellar damage showed symptoms like, hypotonia, 
asthenia, tremor, vertigo, ataxia, and disturbance in gait and balance (Holmes, 
1917).  
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I – 2. The Architecture of the Cerebellum 
Since the first description of the Purkinje cell (PC) of the cerebellum 
by Jan Evangelista Purkinyě (1837) and a more detailed depiction of the 
cerebellar neuronal architecture by Ramón Cajal (1909), many studies have 
provided information on the structures and cells that form the cerebellar cortex. 
Macroscopically, the cerebellum cortex consists of two hemispheres 
adjoined by the vermis in the middle. The vermis consists of ten lobules which 
can be divided into three lobes: the anterior (lobules I-V) and posterior (IV-IX), 
which are separated by the primary fissure, and the floccculonodular lobe 
(lobule X, paraflocculus and flocculus) separated by the posterolateral fissure.  
Each lobule of the cerebellar cortex is divided in to three layers. 
Starting from the surface of the cortex, the molecular layer, Purkinje cell layer, 
and granule cell layer (Figure 1A). In these well-organized layers, there are 
many types of cells which converge its information onto one type of cell: The 
Purkinje cell. The PC is the sole output of the cerebellar cortex, which receives 
two main excitatory inputs: the parallel fiber (PF) input originating from the 
granule cells (GrC) of the granule cell layer and the climbing fiber (CF) input 
from the inferior olive (IO) of the brainstem. Additionally, the PC receives 
inhibitory inputs mainly by molecular layer interneurons (MLIs). Theses inputs 
are processed by the PC and expressed as simple spikes (SSs), PF and MLI 
inputs, which fires irregularly at a high-rate (17 – 150 Hz), and complex spikes 
(CSs), CF inputs, which has multi-peaks and fires at a low frequency firing rate 
(1 – 2 Hz).  
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The PCs of the cerebellum has been known for its uniform 
cytoarchitecture. Until recently, PCs have been considered as a homogeneous 
entity due to the uniform structure and connectivity. However, reports have 
shown that this is not the case (Zhou et al., 2014, Jelitai et al., 2016).  
Zebrin II/ aldolase C, a PC marker, are expressed as parasagittal 
stripes in the cerebellum. Starting from the midline, zebrin II expressing (Z+) 
PCs in the vermis are labeled from P1+ through P4+ and zebrin non-expressing 
(Z−) PCs are labeled P1- through P3- which are adjacent to each other forming 
stripe patterns.  
The functions of these zebrin II stripes are still unknown. However, 
these alternating stripes of zebrin II PC modules have been reported to have 
different basal PC activity in awake mice (Zhou et al., 2014). In addition, 
reports have shown that various proteins involved in cellular activity and 
memory formation are also expressed as parasagittal stripes, such as GABA 
receptors (Chung et al., 2008), type 1 inositol 1, 4, 5-triphosphate receptor 
(Furutama et al., 2010), phospholipase C (Sarna et al., 2006), protein kinase C 
(Barmack et al., 2000), mGluRs (Mateos et al., 2001), and the excitatory amino 
acid transporter 4 (Dehnes et al., 1998). How these molecules are in relation to 
zebrin II is yet unclear.  
In relation to parasagittal zebrin II patterns, tracing and 
immunohistochemistry studies have shown that mossy fiber and climbing fiber 
inputs also show projection patterns in which it corresponds to zebrin II 
expression (Quy et al., 2011, Gebre et al., 2012, Voogd et al., 2003). Thus, the 
similarity of projection zones and zebrin II expression may have functional 
4 
implications when compared during motor behavior.  
 
I – 3. Cerebellum on Locomotion 
 The decision of locomotor behavior involves regions of the basal 
ganglia, hypothalamus, and thalamus which projects to the motor cortex and 
other regions of the cortex (Figure 1B). This information is then conveyed to 
the mesencephalic locomotor region to initiate locomotion. These neurons 
project to the reticular formation of the brainstem which then projects to the 
spinal cord to execute locomotion. The role of the cerebellum in locomotor 
behavior is to monitor rhythmic activity of the central pattern generator of the 
spinal cord and send feedback via the deep cerebellar nucleus, which projects 
back to the brainstem to modulate the ongoing activity of the central pattern 
generator to adjust to changing environment.  
 Since that the cerebellum manages acquisition and performance of 
accurately timed and smooth coordinated movements, damage of the 
cerebellum is well-known to cause deficits in gait, foot length, limb trajectory, 
and balance (Thach et al., 1992, Welsh et al., 1995, Machado et al., 2015, Kiehn, 
2016).  
 Cerebellar and inferior olive lesion studies suggest that most 
parasagittal modules are involved in locomotion in a specific manner. Midline 
modules of the cerebellum regulate balance by controlling tone of the extensor 
muscles (Mori et al., 1999, Pijpers et al., 2008). Clinical studies of patients with 
olivocerebellar lesions also show that medial zones affect balance and gait 
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(Morton and Bastian, 2007, Ilg et al., 2008). In addition to contribution of 
olivocerebellar pathway to locomotor behavior, mossy fiber pathways which 
give different inputs to parasagittal modules of the cerebellum, also show a 
representation of the forelimb motion during locomotion (Powell et al., 2015).  
 
I – 4. The Locus Coeruleus – Cerebellum Circuit 
 Aside from synaptic inputs that form the cerebellar local circuit, the 
cerebellum receives noradrenergic inputs originating from the locus coeruleus 
(LC) (Abbott and Sotelo, 2000, Paukert et al., 2014). LC axons stretch out to 
almost all areas of the brain which its mostly open axon terminals transmits 
noradrenaline (NA) through volume transmission (Bloom et al., 1971, Olson 
and Fuxe, 1971, Abbott and Sotelo, 2000, Sara, 2009, Schwarz and Luo, 2015, 
Foote et al., 1983).  
 The activation the noradrenergic circuit have been shown to effect 
locomotor activity (Carter et al., 2010), as well as having functional roles in 
pain modulation (Sugiyama et al., 2012), sleep, attention, arousal, and motor 
behavior (Rommelfanger et al., 2007).  
 The cerebellum contains α1, α2, β1 and β2- adrenergic receptors (ARs). 
In vitro cerebellar slice studies have shown that α-ARs and β-ARs have a 
bidirectional effect on PC synaptic and firing activity while NA has an 
depressive effect on PC activity (Parfitt et al., 1988, Hirono and Obata, 2006, 
Lippiello et al., 2015). 
 Also, in vivo experiments under anesthesia have shown that PC 
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activity decreases by NA release via LC electrical stimulation (Bickford-
Wimer et al., 1991) or direct application of NA (Guo et al., 2016). Awake in 
vivo studies have shown that α2-AR knockout mice had impaired locomotion 
activity and motor coordination (Lahdesmaki et al., 2002). However, how 
noradrenergic inputs effect cerebellar output in awake behaving animals has 
yet to be described. 
 
I – 5. Scope of Thesis 
 The current study focuses on mainly three purposes: First, how 
heterogeneous zebrin II expressing and non-expressing PCs with different basal 
outputs are modulated during locomotion. Second, to investigate whether 
noradrenergic input affect differently modulated heterogeneous PCs during 
locomotion. Despite that previous studies which investigated the in vivo 
noradrenergic effect on PCs, these studies were done anesthesia which have 
been proven to have different PC SS firing properties to that of awake mice in 
vivo (Shin et al., 2007). In addition, a recent report states that activity 
recordings of PCs in awake in vivo mice are bidirectionally modulated during 
locomotion due to the balance in dendritic excitation-inhibition (Jelitai et al., 
2016). Nevertheless, how NA contributes to cerebellar PC output and effect 
motor behavior remains unresolved. Third, the mechanism on what circuit or 
which AR noradrenaline effects to give differently modulated PC output.  
Here, I hypothesize that PCs within different zebrin modules may have 
distinct firing activity during motor behavior in accordance to the effect of NA 
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in the cerebellum. To test this hypothesis, I performed in vivo single-unit 
recording in the cerebellum of awake behaving mice to record simple and 
complex spiking of PCs along with forelimb motion analysis during locomotor 
behavior. Pharmacological approaches were used to investigate the effect and 























Noradrenaline-mediated Differential Modulation of 
Cerebellum Module Activity during Locomotion 
 
Materials & Methods 
 
Animals  
 Male 7-10 week-old, C57BL/6J mice were used during all 
experiments. Mice were kept in a group of two to five animals per cage and 
kept in 12 h light/dark cycle. Food and water were available ad libitum. All 
animal experiments were approved by the Seoul National University 
Institutional Animal Care and Use Committee. 
 
Surgeries 
 In preparation for recordings of in vivo awake mice, an incision of the 
skin over the skull was made over the rostocaudal mid-line. Then a lightweight 
head-ring (0.5g) was attached to the skull using Superbond dental cement (Sun 
Medical, Japan). All surgeries were done under 2.5% isoflurane anesthesia. 
After 3 days of recovery, ~1.5 mm x 1 mm craniotomy was made directly above 
lobule V of the cerebellum. The craniotomy was sealed with 2% agar and 
placed on the recording set for ~1h to recover from anesthesia. 
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In vivo Single-Unit Recordings 
 Head posted mice were handled and habituated to the recording 
experimental setup 3 days prior to recording. Before every recording session, 
mice underwent handling for 5 mins. Head posted mice were able to walk, run 
or sit on the cylindrical treadmill. Single-unit recordings were done using 5-7 
MΩ borosilicate glass pipettes (WPI, FL, USA) filled with 2 M NaCl and 2 
μl/ml hoechst 33342 was added before recording. External solution applied 
during the recordings contained 135 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 5 
mM CaCl2, and 5 mM HEPES, (pH adjusted to 7.4 with NaOH). Using a one-
axis micromanipulator (Narishigae, Japan), PCs and MLIs were identified by 
their firing characteristics and depth from the pial surface (PC: 200 – 250 μm; 
MLI 0 - 200 μm). Recordings were amplified and filtered 300-5 kHz using A-
M systems model 1800 amplifier (A-M systems, USA) and data was digitized 
at 10 kHz using pClamp 10 software via DigiData 1440 (Molecular Devices, 
USA). After successful recordings, a brief air-puff was given to mark the 
recording site. For post-hoc immunohistochemistry, mice were anesthetized 
with 10% urethane (1.5 mg/kg) and the brain was extracted after mice were 
transcardially perfused with 4% paraformaldehyde. 
 
Drugs 
 For N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) 
experiments, drug was administered via i.p. injection (50 mg/kg) 7 days prior 
to recording experiments. To block noradrenergic receptors, α1, α2, β1, and β2 
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noradrenergic receptor antagonists (1 mM prazosin, yohimbine, betaxolol, and 
ICI 118,551) were mixed in external solution (pH 7.3). The noradrenergic 
receptor blocker cocktail was applied topically to lobule IV/V recording 
window and recordings were done >5 min after application. All drugs were 




 Post-transcardial perfusion, each brain was submerged in 4% 
paraformaldehyde overnight. Coronal sections (50 μm) were made using a 
vibratome (Leica VT1000S) in phosphate buffered solution (PBS). For zebrin 
staining, slices were washed and transferred to a slide glass. After 
permeabilization with PBSTx (0.3% Triton X-100 in PBS), sections were 
incubated in blocking solution (20% normal goat serum in PBSTx) for 1 h and 
washed with PBSTx. Rabbit derived Aldolase C/ Zebrin II (1:500, Frontier 
Institute Co. Ltd, Japan) primary antibody and anti-rabbit Alexa 594 (1:200, 
Sigma) secondary antibody was used to stain the zebrin positive PCs. Sections 
were mounted using mounting media which were covered with a cover glass 
for analysis. 
 
Behavioral Motion Tracking  
 Behavioral movements were analyzed on-line and visually recorded 
(32 f.p.s.) using a digital camera (IMPERX, USA), infrared (IR) light, and 
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custom made motion tracking software (LabVIEW). An infrared (IR) reflective 
sticker was placed on top of the scapula bone or paw of the right forelimb to 
track forelimb motion. 
 
Data Analysis 
 Spike detection was done via mini-analysis (Synaptosoft). Simple and 
complex spikes were discriminated manually and were rechecked by 2 different 
people. Frequency data, CV2 data were analyzed by using a custom made 
software (LabVIEW) to align it to motion data. All data were process and 


















 To investigate the output of Z+ and Z- PCs during locomotion, I made 
single-unit recordings from PCs in lobule V of the cerebellar cortex of awake, 
head-fixed adult C57BL/6J mice (Figure 2A). Cerebellar lobule IV/V signify 
sensation and motor movement of limbs (Ozden et al., 2012, Hoogland et al., 
2015, Sauerbrei et al., 2015, Jelitai et al., 2016). Once head-fixed mice were 
rested in quiet wakefulness state, an air-puff was given to induce locomotive 
activity (Figure 2A). Along with in vivo PC activity recordings from quiet 
wakefulness state to locomotive state, I measured the dilation of the pupil to 
measure the changing of behavioral state as well as LC activation, and motion 
of the forelimb of the animal by tracking limb motion using on-line analysis of 
the video sequence (Figure 2B). For post-hoc identification of the recording site 
and immunohistochemistry of zebrin modules, Hoechst 33345, which is a 
nucleic acid stain, was injected using a brief air-puff after successful recordings 
(Figure 3A). Z+/- PCs were later identified by staining aldolase C or zebrin II 
and grouped for analysis (Figure 3B). 
 
PC SS output modulation during locomotion 
PCs have been shown to operate at different firing frequencies 
depending on the expression of zebrin II during quiet wakefulness (Zhou et al., 
2014). In line with the previous report, PC recordings from lobule V of the 
cerebellar vermis showed lower SS output in Z+ PCs (n = 12cells, 10 mice) 
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than in Z- PCs (n = 11 cells, 11 mice) during quiet wakefulness (Z+: 45.3  
6.19 Hz; Z-: 83  10.98 Hz; two-sample t-test, ***p<0.001, Figure 4). CS also 
showed lower firing in Z+ modules than in Z- modules (Z+: 1.3  0.09 Hz; Z-: 
1.65  0.15 Hz; two-sample t-test, *p<0.05; Figure 4). 
To understand how these heterogeneously operated zebrin-dependent 
PCs act upon motor behavior, PCs from each module were recorded during 
quiet wakefulness and locomotion (Figure 5, 6). During the change in state from 
quiet wakefulness to locomotion, Z+ PCs significantly increased in SS 
frequency (Z+: n = 12 cells, quiet: 45.3 ± 6.34 Hz, locomotion: 81.1 ± 7.29 Hz; 
mean ± SEM, paired sample t-test; ***p<0.01), while SS activity of Z− PCs 
showed no significant difference in the change of state (Z−: n = 11 cells, quiet: 
88.9 ± 13.7 Hz, locomotion: 96.8 ± 12.5 Hz; mean ± SEM, paired sample t-test; 
ns, non-significant; Figure 6A). Note that while the majority of the Z+ PCs 
increased in simple spike firing upon locomotion, Z− PCs had almost no 
response or decreased simple spike firing during locomotion. As for CS, PCs 
belonging to Z+ and Z− modules showed no difference in frequency during 
locomotion (Z+: quiet: 1.45 ± 0.08 Hz, locomotion: 1.48 ± 0.13 Hz; Z−: quiet: 
1.74 ± 0.15 Hz, locomotion: 1.73 ± 0.14 Hz; mean ± SEM, paired sample t-test; 
ns, non-significant; Figure 6B). On contrary to Z− PCs, interspike intervals 
(ISI) of Z+ PC SSs showed a leftward shift in ISI during locomotion indicating 
an increase in burst firing (Figure 7). These results point towards that during 
locomotion, bidirectional firing which have been previously reported (Udo et 
al., 1981, Armstrong and Edgley, 1984, Armstrong and Edgley, 1988, Edgley 
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and Lidierth, 1988, Jelitai et al., 2016), are dependent on the expression of 
zebrin II.  
 
NA-dependent modulation of PC SS output during 
locomotion 
 The LC projects axons to many brain regions including the cerebellum 
(Abbott and Sotelo, 2000, Sara, 2009). In addition, it has been reported that 
during locomotion, calcium transients in Bergmann glia of the cerebellum are 
induced by noradrenaline (Paukert et al., 2014). In order to examine the extent 
of the NA contribution on PC output, I administered a selective irreversible LC 
neurotoxin, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) to mice 
via i.p. injection (Figure 8). DSP-4 destroys noradrenergic terminals thus nearly 
depleting the level of NA in the brain (Jonsson et al., 1981, Rommelfanger et 
al., 2007, Bekar et al., 2008, Ross and Stenfors, 2015). Interestingly, the 
enhancement of SS firing frequency during locomotion in Z+ PCs shown in 
non-treated controls were non-apparent in DSP-4 injected mice (n = 6 cells, 5 
mice; quiet: 48.7  5.45 Hz, locomotion: 75.4  10.9 Hz, mean  SEM, paired 
sample t-test, p = 0.12 ns; non-significant; Figure 8A, 9A). As for Z− PCs of 
DSP-4 treated mice, SS of Z− PCs did not respond during locomotion (n = 6 
cells, 5 mice; quiet: 72.8  13.5 Hz, locomotion: 77  11.3 Hz, mean  SEM, 
paired sample t-test, p = 0.77, ns; non-significant; Figure 9A). DSP-4 did not 
have effect on the CS firing rate in both zebrin modules in change of states (Z+: 
quiet: 1.23  0.1 Hz, locomotion: 1.41  0.23 Hz; Z−: quiet: 1.74  0.07 Hz, 
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locomotion: 1.91  0.11 Hz; mean  SEM, paired sample t-test, ns; non-
significant; Figure 9B). Thus, suggesting that during locomotion, only the SS 
of Z+ PC are modulated by NA. 
  
DSP-4 disrupts forelimb trajectory during locomotion  
 In order to better understand the motion trajectory in which the Z+ PC 
SS output disrupted, I analyzed the trajectory of the forelimb by tracing the 
motion of the forepaw (Figure 10; See Materials and Methods). Although there 
were no differences in initiation of forward motion, while forelimb motion of 
non-treated control mice showed a stable repetitive motion, DSP-4 injected 
mice showed shorter range in stride motion (Control: stride motion: 21.5  0.33 
mm; DSP-4: stride motion: 16.9  0.26 mm, mean  SEM, two-sample t-test, 
***p<0.001; Figure 10C). Stride velocity also showed difference between the 
two groups (Control: n = 3 mice, 9 trials, 18.4  0.6 cm/s; DSP-4: n = 3, 18 
trials, 14.8  0.4 cm/s, mean  SEM, two-sample t-test, ***p < 0.001; Figure 
10D). No difference in stride frequency was shown (Figure 10E). Accordingly, 
the disruption of SS output modulation in Z+ PCs by NA depletion altered 
normal forelimb stride motion. 
 
Local noradrenergic inhibition of cerebellar PC output  
 Given that the disruption in neuromodulation of PC SS output in Z+ 
modules in which altered normal limb motion was caused by DSP-4, a global 
effector, I investigated a more local and direct effect of NA on the cerebellum 
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by topical application of α1, α2, β1, and β2 adrenergic receptor antagonist 
cocktail (Cocktail; prazosin, yohimbine, betaxolol, and ICI 118,551, 
respectively) via the craniotomy window. Local infusion of drug and its time 
dependency were examined by local infusion of phenol red (Figure 11A). 
Intensity analysis shows 5 mins of topical application of the drug was diffused 
down to the PC layer which is 200 m from the surface of the cerebellar cortex 
(Figure 11B). PC outputs were recorded for behavioral state changes under 
external solution application prior to drug application (Figure 12A). Identical 
PCs recorded for controls were maintained for the antagonist cocktail 
application (Figure 12B). Under the influence of the antagonist cocktail, the 
enhancement of SS frequency of Z+ PC (n= 4 cells, 4 mice) which was shown 
in control (Control: quiet: 48.1  5.44 Hz, locomotion: 72.5  4.61 Hz; mean  
SEM, paired sample t-test, *p<0.05, n = 4 cells, 4 mice; Figure 13A) were 
abolished during locomotion (Cocktail: quiet: 50.8  7.67 Hz, locomotion: 54.8 
 9.6 Hz; mean  SEM; paired sample t-test, ns; non-significant; Figure 13B). 
However, no change was shown in CS frequency upon application (Control: 
quiet: 1.29  0.29 Hz, locomotion: 1.18  0.24 Hz; Cocktail: quiet: 1.45  0.04 
Hz, locomotion: 1.01  0.34 Hz; mean  SEM, paired sample t-test, ns; non-
significant; Figure 13C, D). Z− PCs were also examined upon antagonist 
cocktail application (Figure 14). As in DSP-4 results, Z−PCs showed no change 
in SS firing frequency during behavioral state transition upon cocktail 
application (Z−: n = 4 cells, 4 mice; control: quiet: 51.8  9.1 Hz, locomotion: 
62.3  16.6 Hz; Cocktail: quiet: 56  10.7 Hz, locomotion: 71.6  24.9 Hz; 
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mean  SEM, paired sample t-test, ns; non-significant; Figure 15A, B). CS also 
showed no significant change upon cocktail application (Control: quiet: 1.2  
0.11 Hz, locomotion: 1.58  0.32 Hz; Cocktail: quiet: 1.40  0.16 Hz, 
locomotion: 1.66  0.14 Hz; mean  SEM, paired sample t-test, ns; non-
significant; Figure 15C, D). In line with DSP-4 results, local inhibition of 
noradrenaline in vermal cortex of lobule V inhibits the increasing activity of SS 
in Z+ PCs during locomotion.  
 
Normal forelimb motion upon cerebellar local NA inhibition  
 Despite the fact that cerebellar lobule V is well known for its 
contribution in limb coordination during locomotion (Ozden et al., 2012, 
Powell et al., 2015), unlike DSP-4, local inhibition of noradrenaline showed no 
effect in alteration in forelimb motion trajectory during locomotion (Figure 16A, 
B). Forelimb stride length showed no difference upon the application of local 
adrenergic receptor antagonists (Control: n = 6, 12 trials, stride: 17.3  0.32 
mm; Cocktail: n = 6, 18 trials, stride: 17.015  0.3 mm, mean  SEM, two-
sample t-test, p = 0.51; Figure 16C). Stride velocity and frequency of stride 
under control and cocktail conditions showed no difference (Figure 16D).  
 
α2-AR effect on MLI firing during locomotion 
 Jelitai et al. (2016) has reported that bidirectional modulation of PCs 
occur due to the balance of excitatory-inhibitory input on to the PCs. However, 
what causes the difference in magnitude of MLI activity has yet not been 
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described. One of the possibilities of this difference in strength to occur is 
through the adrenergic receptors on the MLI. The α1 and α2-ARs have been 
identified immunohistochemically to exist on MLIs (Papay et al., 2006, Papay 
et al., 2004, Hirono et al., 2008). α1 and α2-ARs have been shown in vitro to 
dual modulate the activity of the MLIs upon activation which the concurred 
with IPSCs of PCs upon agonist application of each adrenergic receptor. While 
activation of α 1-ARs increases the activity of MLIs via Gq signaling pathway 
which activates phospholipase C thus increasing calcium which results in 
increase of activity, α2-ARs activation decreases MLI firing thru the inhibition 
of voltage gated calcium channels, reduction of cAMP, and activation of 
inwardly rectifying K+ channels resulting in decrease in activation (Hirono and 
Obata, 2006). In addition, behavior studies of α-AR knockout mice have shown 
that α2-AR knockout show a more profound behavioral deficit in motor 
coordination and locomotion than in α1-AR knockout mice(Lahdesmaki et al., 
2002, Knauber and Muller, 2000, Mishima et al., 2004). Therefore, I examined 
the effect of α2-AR antagonist, yohimbine (1mM), on MLI activity.  
Inhibition of MLIs have been reported to be organized in parasagittal 
zones which aligns with zebrin II modules (Gao et al., 2006). I therefore 
distinguished the MLIs based on its location by post-hoc identification of the 
recording site. MLIs were identified by basal firing frequency, depth, and 
response to locomotion. MLIs were recorded during quiet wakefulness and 
locomotion state transition (Figure 17A, B and 18A, B). Identical cells recorded 
for control and yohimbine show that MLIs located in the Z+ and Z− modules 
increase in frequency during locomotion and there no significant change in 
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frequency upon application of yohimbine, 5 mins prior to recording (Z+: n = 3, 
Control: quiet: 14.8  1.8 Hz, locomotion: 46.3  8.8 Hz, p = 0.08; Yohimbine: 
quiet: 13.9  5.5 Hz, locomotion: 46.4  10.8 Hz, p = 0.08; Z−: n = 3, Control: 
quiet: 18.2  6.5 Hz, locomotion:54  24.8 Hz, p = 0.19; Yohimbine: quiet: 13.5 
 4 Hz, locomotion: 51.4  24.2 Hz, p = 0.2, mean  SEM, paired sample t-test, 
Figure 17C, D and 18C, D). However, since MLIs in both modules increased 
in frequency during locomotion in control and α2-AR blocked conditions, this 
cannot explain the discrepancy in magnitude of MLI activity which may show 
difference in SS activity between modules.  
 
α2-AR effect on Z+ PC SS activity 
 With the logic in mind that α2-ARs are essential for motor coordination 
as seen in behavioral studies of α2-AR knockout mice (Knauber and Muller, 
2000, Lahdesmaki et al., 2002, Mishima et al., 2004), I tested whether α2-ARs 
on PCs would effect SS firing in Z+ PCs during locomotion (Figure 19 and 20). 
SS of Z+ PCs which were enhanced during locomotion under control conditions, 
also showed an enhancement of SS activity under the influcence of yohimbine 
(Figure 20A, B). CS of Z+ PCs which showed no change in frequency during 
locomotion under control conditions, also showed no changes in firing 
frequency with the effect of the α2-AR antagonist (Figure 20). Although more 
recordings are needed to conclude this observation, but showing that the results 
are consistant in the recorded Z+ PCs, it is safe to say that α2-ARs on PCs does 
not effect the SS output of Z+ PCs. 
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Inhibition of β2-ARs suppress enhancement of PC SS in Z+ 
modules 
 β-ARs have been shown to be expressed and function in the 
cerebellum (Saitow et al., 2005, Lippiello et al., 2015). Among the two subtypes 
of β-ARs, β2-ARs are most abundantly expressed in PC dendrites, PC layer, and 
granule cell layers (Lippiello et al., 2015). β-ARs have been shown to activate 
cAMP and PKA signaling via activation of Gs protein (Skalhegg and Tasken, 
2000, Taylor et al., 2012), which ultimately enahnces signaling in synapses. 
Lippiello et al. (2015) have shown that activation of β-ARs,especially β2-ARs, 
at PF-PC sysnapse, enhances in which activated β-ARs lowers the threshold for 
potentiation. Thus, I hypothesized that the enhancement of SS activity shown 
in Z+ PCs may be due to the effect of β2-ARs on PCs which would lower the 
threshold to enhance activity thus giving a robust SS enhancement during 
locomotion.  
 Accordingly, I examined the effect of β2-ARs on Z+ PCs during 
locomotion by topically applying ICI 118,551 (1 mM), a selective β2-AR 
antagonist (Figure 21 and 22). During locomotion, activity of Z+ PC SS 
enhance (Figure 21A and 22A). However, upon 5 minutes of topical application 
of ICI 118,551, the enhancement is suppressed and does not enhance 
significantly as much as it did in control conditions (n = 3, Control: quiet: 40.3 
 11.7 Hz, locomotion: 83.9  22.2 Hz, mean  SEM, paired sample t-test, p 
=0.07; ICI 118,551: quiet: 43.5  13.6 Hz, locomotion: 71.8  20 Hz, mean  
SEM, paired sample t-test, p = 0.18; Figure 21B and 22B). CS activity did not 
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change under the influence of the β2-AR blocker (n = 3, Control: quiet: 1.38  
0.29 Hz, locomotion: 1.15  0.18 Hz, p = 0.1 ; ICI 118, 551: quiet: 1.4  0.26 
Hz, locomotion: 1.31  0.48 Hz; mean  SEM, paired sample t-test, p = 0.78; 
















Figure 1. The involvement of the cerebellum in the control 
of locomotion behavior 
(A) Diagram of brain circuits underlying locomotion behavior. Selection of 
locomotion is executed in the basal ganglia and hypothalamus. Locomotion is 
initiated in the mesencephalic locomotor region which projects the brainstem 
to execute behavior. This information is conveyed to the central pattern 
generator of the spinal cord to generate a rhythmic pattern of activity to motor 
neurons to activate muscle movement for locomotion. The cerebellum 
coordinates motor behavior by monitoring the sensory feedback, as well as the 
patterns generated by the central pattern generator, and modulating the activity 
of the brainstem to adjust to changes in the environment. (B) Cerebellar circuit 
involved in locomotion behavior. Monitored inputs are sent via the mossy fibers 
which project to activate the granule cells (GrC). The Purkinje cell (PC) 
receives inputs from parallel fibers (PF), which are GrC axons, inputs from the 
inferior olive (IO) through the climbing fiber (CF), and noradrenergic inputs 
from the locus coeruleus (LC) projecting its output to the deep cerebellar 
nucleus (DCN). The DCN projects to the brainstem, spinal cord, and motor 





















Figure 2. In vivo PC recording configuration and motion 
tracking in awake mice  
(A) Recording location (cerebellar lobule IV/V) and configuration in awake 
behaving mice on a cylindrical treadmill. Motion capture using digital camera 
and infrared (IR) light. (B) Custom made LabVIEW software for motion 
tracking. Motion tracking of IR reflective paint marked on the right forepaw 
was done during time of electrophysiological recordings. Pupil diameter and 
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Figure 3. Post-hoc identification of recorded PC site and 
Aldolase C/ Zebrin II 
(A) After successful recording, Hoechst 33342 was injected by brief air-puff to 
locate recording site post-hoc. (B) Post-hoc immunohistochemistry was done 
for aldolase C/ zebrin II in every successful recording. Data was sorted after 
immunohistochemical analysis of zebrin II and recording site. Scale bars 
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Figure 4. Zebrin-dependent SS and CS activity during 
quiet wakefulness state in awake mice 
Representative raw trace of (A) zebrin-positive (Z+) and (B) zebrin-negative 
(Z−) PCs. Red dots indicate complex spikes. (C, D) Overlay of simple and 
complex spikes of a single neuron from each module. Recordings were 
confirmed as single neuron recordings by simple spike and complex spike 
shapes. (E) Distribution of simple spike frequency (left) in Z+ and Z− PCs 
(mean ± SEM; black). Simple spike firing frequency is significantly lower in 
Z+ PCs in comparison to Z− PCs (Z+: 45.3  6.19 Hz, n = 12 cells, 10 mice; 
Z−: 83  11 Hz, n = 11 cells, 11 mice; two-sample t-test, ***p<0.001). 
Distribution of complex spike frequency (right) in Z+ and Z− PCs (mean ± 
SEM; red). Baseline complex spike firing frequency in Z+ PCs are lower 























































































Figure 5. Behavioral state-dependent differential activity 
of PCs 
(A, B) Representative single-unit electrophysiological traces from Z+ and Z- 
PCs which displayed enhanced activity and no response during locomotion, 
respectively. Motion detection during quiet and locomotion after air-puff. 
Peri-stimulus time histogram of simple spike (black; upper bottom) and 
complex spike (grey; lower bottom) during change in behavioral state (quiet 

















































































































Figure 6. Increased simple spike activity of Z+ PCs during 
locomotion 
(A) Individual cell firing frequency distribution (filled grey circles) and mean 
of simple spike frequency during quiet wakefulness (black filled square) and 
locomotion (blue filled square) in Z+ PCs and Z- PCs. Z+ PCs showed a 
significant increase in simple spike activity during locomotion (Z+: n = 12 
cells, quiet: 45.3 ± 6.34 Hz, locomotion: 81.1 ± 7.29 Hz; mean ± SEM, paired 
sample t-test; ***p<0.01) while Z- PCs had no significant change in simple 
spike firing frequency (Z-: n = 11 cells, quiet: 88.9 ± 13.7 Hz, locomotion: 
96.8 ± 12.5 Hz; mean ± SEM, paired sample t-test; ns, non-significant). (B) 
Individual cell firing frequency distribution (open grey circles) and mean of 
complex spike frequency during state transition from quiet wakefulness (open 
black square) to locomotion (open blue square). Z+ PCs and Z- PCs showed 
no significant change in complex spike firing frequency during locomotion 
(Z+: quiet: 1.45 ± 0.08 Hz, locomotion: 1.48 ± 0.13 Hz; Z-: quiet: 1.74 ± 0.15 
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Figure 7. Change in simple spike firing patterns during 
locomotion in Z+ PC 
Simple spike inter-spike interval (ISI) distribution during quiet wakefulness 
(white) and locomotion (dark grey). (A) Z+ PC simple spike interspike intervals 
shifted to the left showing increase of burst firing during locomotion. (B) Z- PC 


































































































Figure 8. Z+ and Z− PC firing activity upon reduction of 
noradrenergic input via DSP-4  
Representative trace of PC activity in each zebrin module 7 days post-
injection of DSP-4 (i.p. administration). Raw trace during quiet wakefulness 
and locomotion after air-puff in (A) Z+ and (B) Z− PCs. Asterisks indicate 
complex spikes. Peri-stimulus time histogram of simple spike (black) and 
complex spike (grey) show change of firing activity during quiet and 















































































































Figure 9. DSP-4 disrupts noradrenergic simple spike 
modulation of Z+ PC activity during locomotion 
(A) Simple spikes firing frequency mean and individual cells during quiet 
wakefulness and air-puff induced locomotion. The increase of simple spikes 
during locomotion shown in Z+ PCs was disrupted in DSP-4 injected mice (n 
= 6 cells, 5 mice; quiet: 48.7  5.45 Hz, locomotion: 75.4  10.9 Hz, mean  
SEM, paired sample t-test, ns; non-significant). (B) Z- PCs show nearly no 
response or decrease of simple spike activity during locomotion showing no 
change under the influence of DSP-4 (n = 6 cells, 5 mice; quiet: 72.8  13.5 
Hz, locomotion: 77  11.3 Hz, mean  SEM, paired sample t-test, ns; non-
significant). (C, D) Change in complex spike frequency during locomotion 
was not shown in neither modules (Z+: quiet: 1.23  0.1 Hz, locomotion: 1.41 
 0.23 Hz; Z-: quiet: 1.74  0.07 Hz, locomotion: 1.91  0.11 Hz; mean  
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Figure 10. Abnormal limb motion in DSP-4 injected mice 
(A) Representative trajectory of forelimb motion trajectory of control mouse. 
(B) Representative trajectory of forelimb motion trajectory of DSP-4 injected 
mouse (7 days post-injection). (C) Stride of DSP-4 injected mice are 
significantly shorter in length than that of control mice (Control: n = 3 mice, 
21.9  0.3 mm; DSP-4: n = 3 mice, , 16.2  0.2 mm, mean  SEM, two-sample 
t-test, ***p < 0.001). (D) Velocity of each stride during locomotion. (Control: 
n = 3 mice, 9 trials, 18.4  0.6 cm/s; DSP-4: n = 3, 18 trials, 14.8  0.4 cm/s, 
mean  SEM, two-sample t-test, ***p < 0.001). (E) Frequency of limb motion 
during locomotion measured in control and DSP-4 mice (Control: 2.6  0.2 






























Figure 11. Drug diffusion through the cerebellar cortex 
(A) Inverted image of phenol red (10 mM) dye diffusion through the cerebellar 
cortex after 5 min of topical application via the cranial window. (B) Dye 


































































































Figure 12. The effect of local and direct inhibition of 
adrenergic receptors on Z+ PC activity 
(A) Representation of simple (black) and complex (grey) spike activity of a Z+ 
PC in control condition during quiet wakefulness and locomotion shown in 
peri-stimulus time histogram. (B) Recording of an identical cell as in (A), 5 
mins after adrenergic receptor antagonist cocktail (Cocktail) application. Peri-
stimulus time histogram of simple spike (black) and complex spike (grey) firing 



















































































































Figure 13. Local inhibition of noradrenaline input by 
adrenergic receptor antagonist cocktail reduces 
enhancement of Z+ PC simple spike activity 
(A) Enhancement in simple spike frequency of Z+ PC in control was 
abolished after 5 min topical application of adrenergic receptor antagonist 
cocktail (Control: quiet: 48.1  5.44 Hz, locomotion: 72.5  4.61 Hz; 
Cocktail: quiet: 50.8  7.67 Hz, locomotion: 54.8  9.6 Hz; mean  SEM, 
paired sample t-test, *p<0.05, ns; non-significant, n = 4 cells, 4 mice). (B) 
Complex spikes showed no difference before or after application of 
adrenergic receptor antagonist cocktail during behavioral transition (Control: 
quiet: 1.29  0.29 Hz, locomotion: 1.18  0.24 Hz; Cocktail: quiet: 1.45  
0.04 Hz, locomotion: 1.01  0.34 Hz; mean  SEM, paired sample t-test, ns; 
non-significant). Recordings of topical application of external solution 
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Figure 14. The effect of local and direct inhibition of 
adrenergic receptors on Z− PC activity 
(A) Representation of Z− PC in control condition simple (black) and complex 
(grey) spike activity during quiet wakefulness and locomotion shown in peri-
stimulus time histogram. (B) Simple and complex spike activity 5 mins after 
adrenergic receptor antagonist cocktail (Cocktail) application. Peri-stimulus 
time histogram of simple spike (black) and complex spike (grey) firing during 


















































































































Figure 15. Inhibition of noradrenaline has no effect on Z− 
PC firing activity. 
(A) Simple spike activity of Z− PC in control showed no change after 5 min 
application of adrenergic receptor antagonist cocktail (Control: quiet: 51.75  
9.10 Hz, locomotion: 62.34  16.59 Hz; Cocktail: quiet: 56.00  10.69 Hz, 
locomotion: 71.55  24.86 Hz; mean  SEM, paired sample t-test, ns; non-
significant). (B) Complex spikes showed no difference before or after 
application of adrenergic receptor antagonist cocktail during behavioral 
transition (Control: quiet: 1.20  0.11 Hz, locomotion: 1.58  0.32 Hz; 
Cocktail: quiet: 1.40  0.16 Hz, locomotion: 1.66  0.14 Hz; mean  SEM, 
paired sample t-test, ns; non-significant). Recordings of topical application of 
external solution (control) or adrenergic receptor antagonist cocktail were 
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Figure 16. No difference in forelimb motion upon 
application of adrenergic receptor antagonist cocktail 
(A) Representative trace of forelimb motion from external solution applied 
control mouse. (B) Representative trace of forelimb motion from topically 
applied adrenergic receptor antagonist cocktail mice. x-axis: stride length; y-
axis: vertical movement. (C) Change in forelimb stride motion of control and 
adrenergic receptor antagonist cocktail applied (n = 6 mice) conditions. Change 
in forelimb motion under cocktail application show no difference in stride 
motion (control: stride: 17.3  0.32 mm; Cocktail: stride: 17.015  0.3 mm, 
mean  SEM, two-sample t-test, p = 0.51). (D) Velocity of each stride during 
locomotion. (Control: n = 6 mice, 13 trials, 19.3  0.7 cm/s; Cocktail: n =6, 18 
trials, 19.4  0.6 cm/s, mean  SEM, two-sample t-test, ns; non-significant). (E) 
Frequency of limb motion during locomotion measured in control and DSP-4 
mice (Control: 3.6  0.2 strides/s; Cocktail: 3.6  0.1, mean  SEM, two-sample 
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Figure 17. Inhibition of α2-adrenergic receptors on 
molecular layer interneurons of Z+ modules 
(A) Representation of molecular layer interneuron firing activity in Z+ module 
in saline control condition (light magenta) quiet wakefulness and locomotion 
shown in peri-stimulus time histogram. Motion index (black) shown in-line 
with the peri-stimulus time histogram. (B) Molecular layer interneuron spike 
activity 5 mins after α2-adrenergic receptor antagonist (yohimbine) application. 
Peri-stimulus time histogram of molecular layer interneuron activity (magenta) 
during quiet and locomotion behavioral states. Motion index (black) shown in-
line with the peri-stimulus time histogram. (C) Molecular layer interneuron 
firing activity under control conditions showed increase in firing frequency 
(control: quiet: 14.8  1.8 Hz, locomotion: 46.3  8.8 Hz, mean  SEM). (D) 
Same molecular layer interneuron shown in C after 5 min application of α2-
adrenergic receptor antagonist (Yohimbine: quiet: 13.9  5.5 Hz, locomotion: 













































































































Figure 18. Inhibition of α2-adrenergic receptors on 
molecular layer interneurons of Z− modules 
(A) Representation of molecular layer interneuron firing activity in Z− module 
in control condition (light magenta) quiet wakefulness and locomotion shown 
in peri-stimulus time histogram. Motion index (black) shown in-line with the 
peri-stimulus time histogram. (B) Molecular layer interneuron spike activity 5 
mins after α2-adrenergic receptor antagonist (yohimbine) application. Peri-
stimulus time histogram of molecular layer interneuron activity (magenta) 
during quiet and locomotion behavioral states. Motion index (black) shown in-
line with the peri-stimulus time histogram. (C) Molecular layer interneuron 
firing activity under control conditions showed increase in firing frequency 
(Control: quiet: 18.2  6.5 Hz, locomotion:54  24.8 Hz, mean  SEM). (D) 
Same molecular layer interneuron shown in C after 5 min application of α2-
adrenergic receptor antagonist (Yohimbine: quiet: 13.5  4 Hz, locomotion: 
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Figure 19. Blockage of α2- adrenergic receptors during 
locomotion in Z+ PCs 
(A) Representation of simple (black) and complex (grey) spike activity of a Z+ 
PC in control condition during quiet wakefulness and locomotion shown in 
peri-stimulus time histogram. Single-unit recordings of Z+ PC(top). Red dot 
indicates complex spikes. (B) Recording of an identical cell as in (A), 5 mins 
after α2-adrenergic receptor antagonist, yohimbine (1mM) application. Peri-
stimulus time histogram of simple spike (black) and complex spike (grey) firing 
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Figure 20. Blockage of α2-adrenergic receptor has no 
effect on PC simple spike activity 
(A) Simple spike activity of Z+ PC in control showed enhancement after 5 
min application of yohimbine (1mM) (Control: quiet: 45  3.2 Hz, 
locomotion: 95.9  10.5 Hz; Cocktail: quiet: 15.4  11.6 Hz, locomotion: 49.6 
 17.7 Hz; mean  SEM). (B) Complex spikes showed no difference before or 
after application of the α2-adrenergic receptor antagonist during behavioral 
transition (Control: quiet: 1.25  0.12 Hz, locomotion: 1.58  0.14 Hz; 
Yohimbine: quiet: 1.33  0.19 Hz, locomotion: 1.44  0.06 Hz; mean  SEM). 
Recordings of topical application of external solution (control) or adrenergic 
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Figure 21. Effect of β2-adrenergic receptors by ICI 118, 
551 on Z+ PC activity  
(A) Representation of Z+ PC activity under control conditions during quiet 
wakefulness and locomotion state. Red dots indicate complex spikes. Peri-
stimulus time histogram of simple spike (black) and complex spike (grey) 
activity shown with motion index. (B) Identical Z+ PC as in (A) shown under 















































































































Figure 22. Inhibition of β2-adrenergic receptors block 
enhancement of simple spike activity of Z+ PCs 
(A) SS activity under control conditions show an enhancement of SS frequency 
during locomotion (quiet: 40.3  11.7 Hz, locomotion: 83.9  22.2 Hz, mean  
SEM, paired sample t-test, p =0.07). (B) SS activity under the influence of ICI 
118, 551 show decreased enhancement of SS frequency during locomotion 
(quiet: 43.5  13.6 Hz, locomotion: 71.8  20 Hz, mean  SEM, paired sample 
t-test, p = 0.18). (C, D) Complex spike activity during locomotion under control 
condition or ICI 118, 511 did not show significant change (Control: quiet: 1.38 
 0.29 Hz, locomotion: 1.15  0.18 Hz, p = 0.1 ; ICI 118, 551: quiet: 1.4  0.26 














Figure 23. Conclusion summary: Noradrenergic effect on 
zebrin II-dependent PC SS activity and behavior, and its 
possible mechanisms 
(A) Illustration of experimental setup, behavioral state, PC SS activity, and 
resulting behaviors. During quiet wakefulness state, SS activity of Z+ PCs are 
low compared to that of Z- PCs. Upon locomotion, SS activity of Z+ PCs are 
enhanced due to the effect of NA input. Forelimb motion of DSP-4 injected 
mice show impaired stride lengths while adrenergic receptor antagonist cocktail 
(cocktail) does not. Further behavioral study of cocktail and 2-AR antagonist 
is needed. (B) Possible mechanism for differential modulation of zebrin-
dependent PC SS activity during locomotion. Blockage of 2-AR on MLI or 
PC does not alter its firing activity during locomotion. However, results imply 











 My data is the first to show in awake behaving mice that differential 
modulation of PC SS activity is zebrin-dependent and that neuromodulation of 
NA in the cerebellum is essential for limb motion during locomotion. Although, 
the function of zebrin II in the cerebellum is not clear, here I show that 
expression of zebrin show heterogeneity not only in resting state, but also 
during locomotion motor behavior. My data of differential PC SS firing during 
locomotion is in line with the previous study of in vivo PC recordings in awake 
mice during locomotion (Jelitai et al., 2016). Interestingly, I found that only Z+ 
PC SS activity are modulated by NA. Among many adrenergic receptors in the 
cerebellum, this enhancement of SS in Z+ PCs is caused by β2-adrenergic 
receptors on PCs 
 
Differential modulation of PC during locomotion 
 Bidirectional modulation of PC SS activity has been shown in various 
studies regarding locomotion (Udo et al., 1981, Armstrong and Edgley, 1984, 
Edgley and Lidierth, 1988, Armstrong and Edgley, 1988, Jelitai et al., 2016). 
Also, PCs with different zebrin expression have differences in SS activity 
during rest (Zhou et al., 2014). I questioned the difference of resting PC firing 
activity of zebrin modules in the context of motor behavior. My data is the first 
to discriminate this locomotion-dependent differential modulation by aldolase 
C/ zebrin II expression. Jelitai et al. (2016) explains that bidirectional 
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modulation is due to the difference in balance of feedforward excitatory and 
inhibitory circuit of parallel fibers and molecular layer interneurons on PC 
output which shapes locomotion-dependent SS bidirectional output. However, 
they did not take into account of the activation of LC during locomotion, which 
is the center for noradrenergic output to many brain regions. Although, LC axon 
terminals are open axon terminals in which only a small amount of synapses 
are available, NA has been proven to be an important neuromodulator in many 
brain areas (Spreng et al., 2001, Lahdesmaki et al., 2002, Bekar et al., 2008, 
Sara, 2009, Ding et al., 2013, Paukert et al., 2014, Schiemann et al., 2015). As 
shown by my results, not all PCs are modulated by NA. During locomotion, 
only Z+ PCs increases in SS firing activity while Z− PCs has nearly no 
apparent response.  
 
NA-dependent in vivo PC activity during locomotion 
 Many previous reports have shown PC activity decreases upon 
application of NA or activation of LC-NA circuit (Lippiello et al., 2015, 
Bickford-Wimer et al., 1991, Guo et al., 2016). However, these reports 
contradict my results obtained in awake behaving mice in which the effect of 
NA on PC SS increase with the endogenous secretion of NA during locomotion. 
This difference in results can be explained by the activity of the granule cells 
(GCs) during non-locomotive state and locomotive state. Granule cells have 
been reported to have nearly non-existing activity during quiet wakefulness and 
only firing during locomotion (Powell et al., 2015, Jelitai et al., 2016). In 
cerebellar slices or animals under anesthesia, the activity of granule cells is non-
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existent due to the absence in mossy fiber input. Thus, the effect of NA on 
Purkinje cells in slice or anesthetic conditions cannot fully account the effect of 
NA in awake behaving animals.  
 PCs receives inhibitory and excitatory inputs via MLIs and GCs, 
respectively. The balance of excitatory and inhibitory inputs has been shown to 
regulate the output of the PCs during locomotion (Jelitai et al., 2016). MLIs 
express α1 and α2 adrenergic receptors which dual modulate the activity of the 
MLI ultimately modulating the inhibitory input to the PC (Hirono and Obata, 
2006). Activated α2 adrenergic receptors lowers the activity of MLIs via 
inhibition of voltage gated calcium channels and activation of inwardly 
rectifying K+ channels. However, my data show that MLI firing activity does 
not differ upon application of yohimbine, an α2 adrenergic receptor antagonist 
(Figure 17 and 18). This may be due to the strong excitatory input of the PFs 
on the MLIs which occludes the activity of NA on the MLIs.  
 Granule cells also express α2 and β2 adrenergic receptors (Hirono et 
al., 2008, Lippiello et al., 2015). In the state of locomotion, granule cells may 
enhance signals of mossy fibers via β2-AR at mossy fiber-granule cell synapses. 
However, since granule cells are nearly inactive during the state of quiet 
wakefulness, it is difficult to identify the cell using single-unit 
electrophysiological technique. A study have shown that during locomotion a 
spillover of glutamate at mossy fiber-granule cell synapses, enhances granule 
cell activity (Powell et al., 2015). Since mossy fibers have been shown to 
terminate zebrin dependently (Voogd et al., 2003, Pakan et al., 2010), this may 
be the reason why PCs are differently modulated zebrin-dependently during 
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locomotion. 
 One other possible approach to understanding the balance of 
excitatory and inhibitory input to the output of the cerebellum is to obtain 
whole-cell recordings of PCs in both modules during locomotion. During 
locomotion, PCs receive excitatory inputs from PFs of granule cells and 
inhibitory inputs from MLIs, which also receives input from PFs. By recording 
the spontaneous excitatory and inhibitory synaptic inputs, I was able to 
accurately measure the amount of excitatory and inhibitory synaptic inputs 
which shapes the output of the PCs.  
According to Lippiello et al. (2015), β2 adrenergic receptors potentiate 
PF-PC synapses by lowering the threshold of potentiation. My results indicate 
that during locomotion, β2-ARs are activated to enhance SS firing of Z+ PCs 
(Figure 21, 22). β2-AR are also expressed in the granule cell layer. Assuming 
that β2-ARs may express in PFs, a presynaptic mechanism may be involved. 
Due to limited current techniques, it is difficult to isolate the effects of the drug 
in a cell specific manner. Nevertheless, understanding the effect of NA on the 
sole output of the cerebellum is important. 
 
NA-dependent limb motion trajectory during locomotion 
motor behavior 
 To examine the effects of NA-dependent limb motion, I used motion 
tracking and analyzed the forelimb motion of the subjects. My data show that 
injection of DSP-4 disrupted normal forelimb stride motion while local acute 
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inhibition of cerebellar adrenergic receptors showed no difference in stride 
motion (Figure 10 and 16). DSP-4 is a global neurotoxin which eliminates 
noradrenergic terminals throughout the brain (Jonsson et al., 1981, Bekar et al., 
2008). Since, normal forelimb motor coordination has been shown to be 
disrupted by blocking noradrenaline in the motor cortex (Schiemann et al., 
2015), the abnormal forelimb stride motion under the influence of DSP-4 may 
share the similar mechanism. Nevertheless, the effect of DSP-4 affected Z+ PC 
SS activity during locomotion. Hence, I suspected that there would be a more 
local effect of the cerebellum to the disordered forelimb motion. Adrenergic 
antagonist cocktail topically applied on the cerebellum results showed the same 
electrophysiological properties during locomotion as in DSP-4 injected mice. 
In spite of the similar SS firing activity upon noradrenaline inhibition, forelimb 
motion showed no difference in trajectory or stride length.  
Cerebellar lobule V of the vermis has been shown to receive limb 
sensorimotor input (Armstrong and Edgley, 1984, Ozden et al., 2012, Powell et 
al., 2015). Having roles in monitoring sensorimotor inputs and sending 
feedback to the muscles, the cerebellum is important in limb coordination. 
Since, my experimental setup is based on head-fixation, I was not able to see 
deficits in whole-body balance or stance width, and was only limited to 
measuring the stride and vertical trajectories. Although that forelimb stride 
motion had no difference upon blocking adrenergic receptors in lobule V PCs 
which output during locomotion was impaired (Figure 16), knowing that 
alteration of PC output impair coordination of limb motion and posture 
(Hoogland et al., 2015, Machado et al., 2015), a thorough analysis of limb 
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muscle motion measurement or interlimb coordination is needed.  
 
Implications on Zebrin II-dependent activity during learning 
 The architecture of the cerebellar cortex has been described by many 
reviews recently explaining that different protein markers are expressed into 
parasagittal stripes (Apps and Garwicz, 2005, Apps and Hawkes, 2009, Ruigrok, 
2011, Cerminara et al., 2015, Hawkes, 2014). Especially, zebrin II /aldolase C, 
which the function is unknown is the most-studied marker. Along with 
expression of zebrin II stripes, many proteins in relation to plasticity are also 
expressed as parasagittal stripes, such as PLCβ3, PLCβ4, GABABR2, 
mGluR1β, MAP1A, NCS1, and so on (Cerminara et al., 2015). However, it is 
not yet well known about how these parasagittal bands differ in terms of 
plasticity. One study have shown that in accordance to the expression of zebrin 
II, LTD is easily induced in PF-PC synapses in zebrin II – modules than in 
zebrin II+ modules(Wadiche and Jahr, 2005). On the other hand, several studies 
using flavoprotein autofluroescence imaging of the cerebellum show that LTP 
stimulation of the PF-PC synapses of the cerebellar cortex produce robust LTP 
and activation coinciding with zebrin II+ stripes (Ebner et al., 2012, Wang et 
al., 2009). In accordance with my results, SS firing of Z+ PCs were enhanced 
during locomotion while Z-PCs showed nearly no response. This may be due 
to the fact that inputs from afferent fibers, such as mossy fiber inputs and 
climbing fiber inputs, are aligned with PC stripes (Hawkes, 2014). Since I only 
tested for basic motor behavior, it is unclear how each module will respond in 
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a learning paradigm. Nonetheless, I was able to observe two different activities 
for one specific behavior. These results on zebrin dependent activity of PCs 
may imply the location of LTD and LTP during motor learning. 
 
Association to Noradrenergic Deficiency  
 The involvement of NA on the cerebellum is crucial for motor 
behavior. Many diseases such as Parkinson’s, Alzheimer’s, olivocerebellar 
atrophy, and Lewy body dementia have been shown to be associated with 
abnormal NA or adrenergic receptor densities(Kish et al., 1984a, Kish et al., 
1984b, Shimohama et al., 1986, Russo-Neustadt and Cotman, 1997, Leverenz 
et al., 2001, Schambra et al., 2005). In an animal study, NA deficient mice 
produce a better model for Parkinson’s than MPTP, which is commonly used 
for model Parkinson’s disease for its effectiveness to mimic the dopaminergic 
pathology (Rommelfanger et al., 2007).  
 Not only is NA important in pathologically, but is it also important in 
cognition. Various receptor subtypes have been studied to understand its role 
in learning and memory (Doze et al., 2011, Nalepa et al., 2013, Zhou et al., 
2013). Recently, a report suggests the role and mechanism of NA in cerebellar 
learning (Wakita et al., 2017). 
 
Conclusion 
In this study, I investigated the neuromodulatory effect of NA on 
heterogeneous PCs of zerbin II positive and negative modules and how NA-
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dependent PC SS output alters locomotive motor behavior by in vivo single-
unit recordings and behavioral analysis of forelimb trajectories in awake mice 
(Figure 23A). My data reveal four main findings. First, I show that modulation 
of PC SS firing differs during locomotion depending on the expression zebrin 
II, where SSs of zebrin-positive PCs are enhanced and SSs of zebrin-negative 
PCs are either non-responsive or decreased during locomotion. Second, 
enhancement of zebrin-positive PC SS frequency is disrupted via DSP-4, a 
global neurotoxin which terminates LC neuronal axon terminals, and topical 
application of adrenergic receptor antagonist cocktail. Third, by motion 
tracking and analysis, I show that by abolishing the NA-dependent zebrin-
positive PC SS output by DSP-4, normal limb motion during locomotion 
malfunctions. However, no difference in forelimb trajectory was shown in 
topically applied adrenergic receptor antagonist cocktail conditions and further 
examination is needed. Finally, I show that the modulation of SS of PCs in 
zebrin II positive modules are dependent on NA acting on 2-ARs which 
enhances the SS firing activity of the zebrin II positive PCs (Figure 23B). 
Therefore, I conclude that SS firing of cerebellar zebrin II expressing and non-
expressing PCs are differentially modulated during locomotion and that the 
enhancement of SSs of zebrin II expressing PC during locomotor behavior is 
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소뇌는 보폭, 팔다리의 궤적, 균형 같은 운동 조절을 유지하
는데 있어서 중요한 역할을 한다. 그 중 퍼킨지 세포가 소뇌의 최종 
출력으로써 중요한 역할을 갖는다. 모든 퍼킨지 세포는 단일 형상으
로 되어있지만 실제로는 zebrin II를 기준으로 서로 다른 단백질과 전
기생리학적 성격을 지니는 모듈로 나눠져있다. 퍼킨지 세포가 받는 
국소적인 시냅스 입력외에도 청반으로부터 유래하는 노아드레날린 
입력이 있다. 청반-노아드레날린 회로는 운동시 활성화 되고 소뇌로 
노아드레날린이 분비 된다. 그러나 노아드레날린이 퍼킨지 세포의 
출력에 어떻게 기여하며 그것이 운동에 어떻게 영향을 주는지는 해
결되지 않았다. 본 연구에서는 깨어있는 행동가능한 마우스에서 in 
vivo single-unit 기록을 통하여 퍼킨지 세포를 기록하여 약리학적 접
근과 행동 분석을 통하여 노아드레날린이 퍼킨지 세포를 zebrin II 모
듈간에 어떻게 조절하고 있는지를 연구하였다. 실험 결과, zebrin II를 
발현하고 있는 퍼킨지 세포는 운동시에 단순가시전압 (simple spike) 
활성도가 증가 하였고, zebrin II를 발현 하고 있지 않은 퍼킨지 세포
들은 운동시에 반응하지 않거나 감소하는 세포들이 있었다. 이렇게 
운동시 상이하게 반응하는 각 zebrin II 모듈은 DSP-4 약물주입을 통
해서 노아드레날린 축삭 말단을 약물로 파괴하거나 아드레날린 수
용체 길항제 혼합액을 통해 소뇌내의 수용체를 국소적으로 직접 막
거나 했을 때에 운동시에 단순 가시전압이 반응하지 않는 것으로 
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확인 되었다. 그러나 행동 분석 결과는 노아드레날린의 영향을 DSP-
4를 통해 막았을 때에만 앞다리의 보폭의 차이가 나고 아드레날린 
수용체 길항제 혼합핵을 주었을 때는 차이가 안나는 것으로 나타났
다. 운동시 Zebrin II 발현하고 있는 퍼킨지 세포의 단순가시전압의 
증가의 기전을 보고자 α2-아드레날린 수용체가 분자층 중간 뉴런 
(molecular layer interneuron)의 활성에 미치는 영향을 보았다. α1와 α2-
아드레날린 수용체를 갖고 있는 분자층 중간 뉴런은 기존 in vitro 실
험 결과에서 양방향적으로 분자층 중간 뉴런의 활성도를 조절한다
고 보고했다. 분자층 중간 뉴런을 in vivo에서 기록한 결과 운동시 
모든 모듈의 분자층 중간 뉴런의 활성도는 통제군과 비교하여 α2-아
드레날린 수용체를 막았을 때에도 변하지 않았다. 그 다음으로는 퍼
킨지 세포에 있는 수용체의 영향을 보고자 하였다. α2-아드레날린 수
용체 억제시 통제군과 동일하게 운동시에 증가 하였지만, β2-아드레
날린 수용체 억제시에는 단순가시전압의 활성도를 감소 시키는 경
향성을 보였다. 결론적으로 본 연구 결과는 노아드레날린은 소뇌에
서 아마도 β2-아드레날린 수용체를 통한 신경조절 물질로 작용하여 
zebrin II을 발현하고 있는 퍼킨지 세포의 단순가시전압 출력을 조절
함을 제시한다. 
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